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Introduction
This investigation provides a preliminary analysis of the potential applicability of spray materials as a manufacturing process to fabricate LIGA hardware from alternative metals that cannot be deposited by the electroplating process. The LIGA fabrication process is an additive process in which material is deposited, typically by electroplating, into a precision mold of PMMA (polymethyl methacrylate) realized through deep X-ray lithography. (LIGA is an acronym derived from the German words for lithography, electroplating, and moldingLithographie, Galvanofommng, and Abformung.)
Currently, the only materials that can be readily deposited using the electroplating process are copper, nickel, permalloy (80Y0Ni and 20% Fe), and gold. Developing alternatives to electroplating would allow designers the choice of using other materials, including ceramics or nonmetals, when designing mechanical parts or sfictures.
This study tested Twin-Wire Arc Thermal Spray and Cold Spray to determine the potential applicability of metal spray deposition processes as alternatives to electroplating. If spraying materials could provide such an option, the time required for the deposition process would be decreased to minutes instead of hours, which is the current tirnefiame needed for the electroplating process. Such an alternative would in tnrn decrease the costs associated with ,depositing materials. Also, the spraying processes would be safer for the environment than typical electroplating operations; The initial investigation attempted to determine whether spray materials are a potential alternative to electroplating. If so, future studies will determine whether such spraying materials, when combined with alternative metals, could effectively produce quality mechanical parts that would be durable enough to be practical and cost-effective.
In the Twin-Wire Arc Thermal Spray deposition process, two wires of the metal to be spray deposited are brought together at an angle, and an electric arc is struck between the wire tips. The heat of the arc causes the metal at the wire tips to become continuously melted, which makes the wires consumable electrodes. As the metal is melted at the wire tips, a jet of compressed air, in a specially shaped aircap surrounding the wire tips, is used to strip the molten metal from the wire tips and atomize it into small droplets. The air jet then propels the small droplets onto the target surface, in this case, the LIGA mold stiace. As the droplets strike the surface, they flow out and solidi~at very high rates, typically 106to 10s K/see. In general, one droplet completely solidifies before the next droplet impacts the same location.
In the Cold Spray Process [1], a supersonic jet of compressed gas is used to accelerate near~room-temperature powder particles, $pically 10 to 50 microns in diameter, up to velocities in the range of 500 to 1500 mk. Under proper conditions, when the solid powder particles impact a solid surface, their kinetic energy is sufficient to cause plastic deformation and consolidation of the arriving particles with the underlying material (by a process thought to be analogous to explosive welding [2]). Because Cold Spray is a near-room-temperature, solid-state' process, potential advantages of its use include eliminating cool-down induced stresses in the finished part and the possibility of avoiding undesirable phases, oxidation, and graingrowth during the deposition process.
Design of Molds
Molds were used in the investigation to create reverse images, or pockets, for each fabricated part. The molds were filled with sprayed materials to fabricate the desired part.
For several reasons, copper was the metal chosen for the molds. Copper is able to withstand the heat input of the deposited materials, aluminum, nickel, and stainless steel, which were sprayed into the molds. Also, each mold had to be made of a material that could be electroplated using the LIGA process. Additionally, once the sprayed materials were deposited, the mold had to be etched away to release the sprayed materials in the mold. Copper met these requirements due to its compatibility with the LIGA fabrication process and its ability to be easily etched with a wide variety of chemical etch solutions without effecting the deposited material.
The copper molds were machined conventionally.
Eight slots, shown in Figure 1 , were used for obtaining bulk density and porosity data. A tensile specimen was placed in the center of the mold and was used to determine modulus and ultimate tensile strength, as shown in Figure 2 .
A photograph of the mold is shown in Figure 3 . - 0225''00"'~2x 0300'"00' 
Spray Materials Used
Before spraying any material into the molds, each mold was cleaned to eliminate possible unknown reactions between the mold and the sprayed material. The copper mold was cleaned in a 5'%H2S04 (sulfbric acid) solution to remove any contiuninates or oxide from the surface of the copper mold. For each mold, the elapsed time between cleaning the copper mold and spraying the thermal or Cold Spray material was approximately 5.rninutes. Because copper oxidizes at a rate of 0.5 microns per year in a typical ambient environment [3] , the amount of copper oxidized between the time of cleaning and material deposition was estimated to be 5 picometers. This amount of oxidation was considered negligible because the test equipment used was not sensitive to measurements of this magnitude.
3.1
Twin-Wire Arc Thermal Spray
A Hobart/Tafa Model 9000 Twin-Wire Arc Spray System was used to spray deposit the following three test metals. The first metal tested was the Hobart/Tafa 88T UltraMachinable" Stainless Wire, which is a specially formulated 300 Series Stainless Steel. The second metal tested was Hobart/Tafa Arc Spray BondArc" Wire -75BW,which is composed of 95'%0 nickel and 5°/0aluminum. The third metal tested was Hobart/Ttia Arc Spray Aluminum Wire -01T, which is composed of at least 99.5'%aluminum. The values are all weight percent.
During the Twin-Wire Arc Thermal Spray deposition process, each mold was attached to a spindle, which was then rotated at an angular velocity of approximately 150 rpm. The TwinWire Arc machine settings, recommended by the manufacturer, for spraying UltraMachinable@ Stainless (88T), BondArc@(75B), and aluminum (OIT) are described in Table 1 . For this evaluation, only one Cold Spray material, a 99.8'%o pure aluminum powder, was spray deposited into a copper mold. The nominal size of the aluminum powder was 20 microns in diameter, the particle velocity was approximately 850 rds with a gas supply pressure of 200-300 psi, and the temperature of the compressed helium gas was 100"C. Two separate sprays were performed, with one spray done in the direction of the mold features, and the other spray against the direction of the features in the mold. For the relatively large size of the specimens, no significant differences were noticed during the analysis of the specimens. Therefore, no distinctions were made between the direction of the spray into the LIGA molds.
Post Spray Machining
After each mold was sprayed, a grinding process was performed to remove excess material spray deposited above the mold surface during the spray procedure. After the molds were ground, excess copper was removed from the outer edges of the mold, reducing the size of the mold to one inch wide by two inches long. By removing the excess copper from the mold, multiple molds could be lapped simultaneously, and less copper had to be removed during the etching process. Finally, 15-micron diamond slurry was used to lap the tensile specimen in the mold. This lapping process removed many of the large scratches in the tensile specimen caused by the grinding process, as well as polishing the tensile specimens to a uniform thickness. The pre-grinding condition of the mold is displayed in the top photograph in Figure 4 . The postIapping condition of the mold is displayed in the bottom photograph in Figure 4 . and Post-Lapping Machining.
Etching of Copper
A chemical etch system manufactured by Enthone-OMI was chosen to release the density, porosity, and tensile specimens from the copper molds. Enstrip@C-38 was used because of its ability to etch copper, while not etching the specimens in the copper molds. Enstrip@C-38 is a two-part system composed of Part A and Part B. The active ingredi@s in Part A are ammonium hydroxide and ammonium salts. The active ingredient in Part B is sodium chloride. The solution concentration consisted of 600~of Part A 200 ml of Part B. With this quantity of Enstrip@C-38, three molds could be etched in approximately 15 hours at room temperature. Completing the etching process required approximately three hours on the first mold, five hours on the second and seven hours on the third mold. After etching the copper from the three molds, no appreciable amount of additional copper could be consumed. 
Experiment Results

Twin-Wire Arc Thermal Spray UltraMachinable@ Stainless Steel
Density
Density data were obtained from the various specimens of different width within each mold by measuring their physical dimensions and weighing them to obtain their mass. From this da~an average density was calculated. An uncertainty analysis was performed on the measurements taken to calculate the density data. The method of the uncertainty analysis is described in Section 6.1.2. The normalized density was computed by dividing the average density by the theoretical density. Mold aspect ratio was computed by dividing the mold depth by the mold width. The data are listed below in Table 2 . The theoretical density of Twin-WireArc Thermal Spray UltraMachinable@ Stainless Steel is 6.93-g/cc [4] . Figure 5 shows a graph of normalized density VS.mold aspect ratio.
Two molds were sprayed with UltraMachinable@ Stainless Steel. Four of the specimens from one mold were set aside for porosity measurements. One of the specimens from this group (with mold aspect ratio of 0.16) did not have a proper fill and was not used for these calculations. Figure 5 . Normalized Density vs. Mold Aspect Ratio" for Therarnal Spray UltraMachinable@ Stainless Steel.
Uncertainty Analysis for Densify
The uncertainty in the density "measurement for each specimen arises from the measurement error incurred by reading the physical sizes of the specimen as well as the mass of the specimen. (Density is given by p = nz/V.) Uncertainty is quantified by determiningg the sensitivity of the data to the physical measurements, multiplying by the expected error, and then combining the results as root squares [5] . Symbolically, this is given by the following equation:
where Ap is the total uncertainty of the density measurement, p is the. density, m is the mass, and Vis the volume of the specimen. By taking partial derivatives of density with respect to mass and volume, the results are given by the following equations:
The above equations can then be reduced to the following:
:=~m
The expected error of the mass measurements, Am, is 0.001 g because of the resolution of the mass balance. The volume of the specimens is given by the following equation:
where 1 is the length, w is the width, and t is the thickness of the specimen. The expected error of the volume calculations is given by the following equations:
The expected error of the size measurements, Al, Aw, and At, are 0.0013 cm because of the resolution of the caliper used.
Tensile
To conduct a tensile test, the specimen is first placed in a mounting jig and inserted into a load cell. The load cell is then zeroed, and the screws of the mounting jig are tightened [6]. Next a laser beam was centered on the tabs of the specimen to measure the strain. The strain rate at which the specimens were tested was 0.001 sec"l. Figure 6 shows two specimens that were tested.
It is noteworthy that the modulus listed in Table 3 for the sprayed material is much lower than that of wrought material of a similar composition. This is commonly obseived in spraydeposited materials. The true modulus of elasticity, or Young's modulus, is the ratio of the stress, q to the reversible strain, S, and is related to elastic stretching of interatomic bonds. It is a fundamental property of the material that should be independent of microstructure or processing. The fact that the observed slopes of the stress/strain plots differ significantly from published values for similar material implies that the stress/strain ratio in this region is not truly representative of Young's modulus. Although the plots appear to be nearly linear, it is likely that there is some non-elastic strain in this region, most likely due to microcracking between the solidified spray particles. If the rate of microcracking were essentially constant over this range, the plot would still appear essentially linear; however, if the stress were removed, the non-elastic (microcracking) portion of the strain would not be recovered.
With this in mind, in this paper we will refer to the slope of the stress/strain plots in the nearly linear region as a "pseudo" modulus of elasticity.
. Table 3 shows the "pseudo" modulus of elasticity and fracture stress for UltraMachinable@ Stainless Steel. A reference for AISI 303 stainless steel is listed [7] . Coatings typically have a lower modulus in tension because of the microcracking at the splat boundaries. Note: Because the 2% offset yield strength is unavailable for the UltraMachinable@ Stainless Steel tensile specimens, fracture strength of the specimens is compared to the tension strength of AISI 303 stainless steel. 
I I Modulus lFracture Strengthl
Porosity
Gray-scale images were taken using a Reichert Metallograph in "brightfield" mode. Each image was taken in a fairly random location to prevent skewing of the data. The only exception to this was when the magnification was chosen to prevent inclusion of the surro~ding copper. A duplicate gray-scale image was made for analysis, with the original image being used for comparison. Using a histogr~, the image was "thresholded" to show the voids as black and the rest of the material as light. Each image was "thresholded" in the same manner, and the reading of the area-fraction of voids was then recorded. The image analysis software used was PGT Imagist 2 PC. Volume-fraction of voids, or porosity, was equal to the area-fraction of voids in the unbiased analysis [8] . Figure 7 shows the porosity vs. mold aspect ratio for . UltraMachinable@ Stainless Steel. Table 4 shows the average porosity, standard deviation, and percent accuracy for the material. 
Determination of Percent Accuracy for Porosity
The level of precision, or percent accuracy, can be calculated with a 95% confidence level from the following equation, if estimates of the mean, standard deviation, and sample size are known.
0/0Accuracy =
200cr(P) @p(P)
where CT(P) is the standard deviation, p(P) is the mean, and iV is the number of samples obtained for the porosity measurements [8, 9] .
Conclusions for Thermal Spray UltraMachinable@ Stainless Steel
An analysis of variance was used to test multiple data samples to determine whether the specimens were taken from the same population, and thus would be considered measurements of the same sample data. Figure 8 shows the results of this analysis for UltraMachinable@ Stainless Steel. Based on the analysis of variance of the density measurements, up to an aspect ratio of 0.8, it was observed that the normalized density stays fairly uniform. At higher aspect ratios, the normalized density decreases dramatically from 0.8 to 0.65. This change indicates that some higher order effects may be occurring at this higher aspect ratio. An increase in porosity at higher aspect ratios can also be seen in the porosity data. The porosity of the specimens is likely to be lower than one minus the normalized density, due to polishing effects on the specimens. As a specimen is polished, material can be deposited into the pores, or metal smeared to close a small pore, causing a lower porosity reading. At an aspect ratio greater than 0.5, the porosity increases from 4°/0to 9°/0. This change also indicates that another process maybe occurring at these higher aspect ratios. Correlation analysis compares two sets of data to determine whether their curves have the same shape. A correlation coefficient near or equal to zero implies little or no relationship. In contrast, if a value is closer to 1 or -1, then there is a stronger relationship between the two variables. A positive correlation indicates a direct relationship between the two variables; a negative correlation indicates an inverse relationship between the two variables. Table 5 shows the correlation coefficients between mold aspect ratio, average density, and average porosity for UltraMachinable@ Stainless Steel. Although the correlation coefficient is relatively high for the aspect ratio and the density, it does not meet the 0.9 criteria for this analysis and, therefore, will not be used as an indicator to predict one variable from the other. The tensile specimens were brittle, making it difficult to obtain accurate yield strength comparisons, but a "pseudo" modulus of elasticity was obtained and proved to be 25°/0of the AISI 303 stainless steel modulus. Because its normalized density is lower than 0.9 and porosity is not a good predictor of density, Twin-Wire Arc Thermal Spray UltraMachinable@ Stainless Steel does not appear to be a good candidate for further study.
.
6.2
Twin-Wire Arc Thermal Spray BondArc@
Density
The density data for Thermal Spray BondArc@are listed in Table 6 . The theoretical density of Thermal Spray BondArc@is 7.8 g/cc [10] . Figure 9 shows a graph of normalized density vs. mold aspect ratio. Figure 10 shows the three tensile specimens that were tested. Table 7 shows the modulus of elasticity and fracture stress for.Thermal Spray BondArc@. A reference for pure nickel is also listed [11] . Coatings typically have a lower modulus in tension due to the microcracking at the splat boundaries. Note: Because the 2°/0offset yield strength is unavailable for the BondArc@, fi-acture strength of the Thermal Spray tensile specimens is compared to the tension strength of pure nickel. Figure 11 shows the porosity vs. mold aspect ratio for Thermal Spray BondArc@. Table 8 shows the average porosity, standard deviation, and percent accuracy for Thermal Spray BondArc@. 
Tensile
Conclusions for Thermal Spray BondArc@
An analysis of variance was used to test multiple data samples to determine whether the specimens were taken from the same population, and thus would be considered measurements of the same sample data. Figure 12 shows the results of this analysis for Thermal Spray BondArc@. .................................................................. Based on the analysis of variance of the density measurements, it was observed that the normalized density consistently dropped as the aspect ratio increased. The porosity of the specimens is likely to be lower than one minus the normalized density, because of the polishing of the specimens. As a specimen is being polished, material can be deposited into the pores, or metal smeared to close a small pore, causing a lower porosity reading. An increase in porosity at higher aspect ratios can also be seen in the porosity data. At an aspect ration greater than 0.8, the porosity increases from 5'%to 17%. Table 9 shows the correlation coefficients between mold aspect ratio, average density, and average porosity for Thermal Spray Bondluc@. Table 9 . Correlation Coefficients for Thermal Spray BondArc@.
The correlation coefficients are all relatively high, but the correlation coefficient for density and porosity does not meet the 0.9 criteria and, therefore, will not be used as an indicator to predict one variable from the other. The tensile specimens were brittle, making it difficult to obtain accurate yield strength comparisons, but a "pseudo" modulus of elasticity was obtained and proved to be 3 10/0of pure nickel. Because pure nickel can be plated in the LIGA process, Twin-Wire Arc Thermal Spray BondArc@will not be investigated further.
6.3
Twin-Wire Arc Thermal Spray and Cold Spray Aluminum
Density
The density data for Twin-Wire Arc Thermal Spray Aluminum is listed in Table 10 . The theoretical densi~of aluminum is 2.7 g/cc [7, 12] . The density data for Cold Spray Alumirwqn are listed below in Table 11 . Figure 13 shows a graph of normalized density vs. mold aspect ratio for both Twin-Wire Arc Thermal Spray and Cold Spray Aluminum. Figure 13 . Normalized Density vs. Mold Aspect Ratio for Aluminum.
Tensile
Figtire 14 shows the single specimen that was tested. Table 12 shows the modulus of elasticity and ilacture stress for Thermal Spray aluminum, compared with alumhium alloy 1350 for reference [7] . The 1350 series alloy was chosen based on its material composition, 99.5% pure aluminum, which matches the material composition of the sprayed aluminum. Coatings typically have a lower modulus in tension because of the microcracking at the splat boundaries. Note: Because the 2% offset yield strength is unavailable for the aluminum tensile specimen, the fracture strength of the tensile specimen is compared to the tension strength of the 1350 alloy. Figure 15shows three Cold Spray testspecimens. Table 13shows the''pseudo'' modulus of elasticity and ultimate tensile stress for Thermal Spray aluminum, compared with aluminum alloy 1060 for reference [7] . The 1060 series aluminum was chosen based on its material composition, 99.6°/0pure aluminum, which matches closely to the material composition of the Cold Spray Aluminum. Coatings typically have a lower modulus in tension because of the . microcracking at the splat boundaries. Note: Because the 2'XO offset yield strength is unavailable for the aluminum tensile specimens, the fracture strength of the tensile specimens is compared to 4 the tension strength of the 1060 alloy. Figure 16 shows the two Cold Spray test specimens. Table 14 shows the "pseudo" modulus of elasticity and ultimate tensile stress for the Cold Spray Aluminum that was annealed. To anneal the aluminum, it was heated in air to 280°C and held there for 30 minutes. Then the temt)erature was increasedto310°C for an additional 30 minutes. Finally, the ahuninum was air coo~edto room temperature. These specimens are compared with aluminuin alloy 1060 [7] . Figure 17 displays the porosity vs. mold aspect ratio for Twin-Wire Arc Thermal Spray and Cold Spray Aluminum. Table 15 displays the average porosity, standard deviation, and percent accuracy for Twin-Wire Arc Thermal Spray Aluminum. Table 16 
Conclusions for Aluminum
An analysis of variance was used to test multiple data samples to determine whether the specimens were taken from the same population, and thus would be considered measurements of the same sample data. Figure 18 shows Based on the analysis of variance for the density measurements, Twin-Wire Arc Thermal Spray Aluminum maintained a relatively uniform normalized density of 0.72, for all aspect ratios. The porosity of the specimens is likely to be lower than one minus the normalized density, because of the polishing of the specimens. When a specimen is polished, material can be deposited into pores, or metal smeared to close a small pore, causing a lower porosity reading. The porosity was approximately 3'%0 for all aspect ratios. Table 17 shows the correlation values between mold aspect ratio, average density, and average porosity for Twin-Wire Arc Thermal Spray Aluminum. The correlation coefficient for density and porosity does not meet the 0.9 criteria and therefore will not be used as an indicator to predict one variable horn the other. The tensile specimen was brittle, making it difficult to obtain an accurate yield strength comparison, but a "pseudo" modulus of elasticity was obtained and proved to be 38% of the 1350 alloy. Because the normalized density is lower than 0.9 and porosity is not a good predictor of density, TwinWire Arc Thermal Spray Aluminum is not a good candidate for fhrther study.
Based on the analysis of variance for the density measurements, Cold Spray Aluminum maintained a uniform normalized density of 0.95 through an aspect ratio of 0.8 and then dropped off to 0.87 when the aspect ratio increased. Porosity increased from 2°/0to 9°/0when the aspect ratio exceeded 0.8. Table 18 shows the correlation values between mold aspect ratio, average density, and average porosity for Cold Spray Aluminum. The correlation coefficient relating density and porosity exceeded the 0.9 criteri~thus allowing the prediction of one variable from the other. The actual relationship between density and porosity is given by the following equation: P = 88. 3(0.97 -p) where P is the percent porosity and p is the bulk density.
Ideally, the relationship would be given by the following relationship.
P=loo(l-p)
The tensile specimens that were tested in the as-sprayed condition were brittle, making it difficult to obtain an accurate yield strength comparisons, but a "pseudo" modulus of elasticity was obtained and proved to be 51'%0 of the 1060 alloy. Tensile specimens that were annealed showed greater ductility characteristics, allowing for an accurate yield strength comparison. The yield strength was more than twice that of the reference 1060 annealed aluminum alloy. Because the normalized density of Cold Spray Aluminum exceeded 0.9, there is a strong correlation between porosity and density, thus, which makes it a predictable material. Cold Spray Aluminum, consequently warrants firt.her investigation. Additional studies of the minimum mold feature size that can be successfidly filled by Cold Spray Aluminum is required.
There is one final observation to be made about the fill along the mold wall. A porous band was evident around the outer portions of the larger bulk specimens for each of the TwinWire Arc Thermal Spray materials. The Thermal Spray porous band is shown on the left side of Figure 19 . The right side of Figure 19 is a photograph of a Cold Spray specimen. The Cold Spray material did not have a complete fill along one edge. This maybe due to a preferred orientation of the jet stream coming from the Cold Spray nozzle that aIlows one side to fill to the edge of the mold and not to the other.
Summary
Three specimen materials, UltraMachinable@ Stainless Steel, BondArc@, and aluminum, were sprayed by using Twin-Wire Arc Thermal Spray. Based on the density and porosity data for these three specimen materials, Twin-Wire Arc Thermal Spray is not an adequate process for LIGA fabrication unless its deposition process can be improved. Only one material, aluminum, was sprayed using the Cold Spray process. Further investigation of the Cold Spray process is needed to study the minimum feature size that can be produced. Additionally, fhrther investigation of additional Cold Spray materials would be worthwhile. Cold Spray of AISI 304 Stainless Steel, a second Cold Spray material, is phmned for future testing in fiscal year 2000.
If subsequent testing determines that use of spray materials is a potential alternative to electroplating, fhture studies will determine whether spraying such materials could effectively produce quality mechanical parts that would be durable enough for practical LIGA designs. 
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